Abstract NiTiHf alloys exhibit remarkable shape memory and pseudoelastic properties that are of fundamental interest to a growing number of industries. In this study, differential scanning calorimetry and isothermal compression tests have revealed that the 51Ni-29Ti-20Hf alloy has useful shape memory properties that include a wide range of transformation temperatures as well as highly stable pseudoelastic behavior. These properties are governed by short-term aging conditions, which may be tailored to control transformation temperatures while giving rise to exceptionally high austenite yield strengths which aid transformation stability. The yield strength of the austenite phase can reach 2
Introduction
NiTi-based shape memory alloys (SMAs) have attracted widespread interest from many industries due to their extraordinary functional properties, which can be tailored through composition and heat treatment [1] . However, a major constraint of the binary alloys is their relatively low transformation temperatures, seriously limiting broader use of these materials. Consequently, a major focus of NiTibased SMA research has been placed on increasing the transformation temperatures by alloying with ternary additions (Pt, Pd, Au, Zr, or Hf) [2] [3] [4] . The addition of Hf, which occupies Ti sites, is preferred to Pd and Pt, due to its lower cost, but still having a significant effect on transformation temperatures [5] .
The NiTiHf system has been a late bloomer in the history of HTSMA development. AbuJudom et al. [6] were first to document the dramatic effect of Hf additions to Ni-Ti alloys in their 1992 patent filing. They showed that substitutions of Ti for Hf of above 3 at.% in Ni-lean 49Ni-(51-x)Ti-xHf had a significant effect on increasing transformation temperatures. The effect was more pronounced than in Zr-, Pd-, and Au-containing systems for equal ternary additions. They also demonstrated the effect of varying the Ni/Ti ratio for a fixed Hf content of 10 at.%, which showed a steep drop in transformation temperatures when Ni content increased beyond 50 at.%. This type of relationship is similar to that observed in the NiTi binary system, and provided the rationale for research focus on Ni-lean systems during the next decade [7] . Han et al. [8] was one of the first to perform several studies on the microstructural properties in NiTiHf using differential scanning calorimetry (DSC) and TEM. They showed that the transformation in 48.5Ni-36.5Ti-15Hf was single-step B2 to B19 0 , with a martensite start (M s ) temperature of 200°C.
While high recovery temperatures were achieved, the Ni-lean alloys suffered from numerous issues relating to poor ductility, dimensional instability, large transformation hysteresis, and a seemingly absent pseudoelastic response. Wang et al. [9] noted limited shape memory effect (SME) recoverable strain, below 3 %, as well as the absence of any pseudoelastic behavior, evidenced by the lack of a stress-plateau when tensile testing 49Ni-36Ti-15Hf. This behavior is due to poor resistance to the introduction of irreversible defects, coupled with the relatively high critical stresses required for martensite reorientation and detwinning, as well as for stress-induced martensite (SIM) formation. The low critical stress required for slip explains the limited recoverable strain and absent pseudoelasticity, since slip would occur simultaneously with martensite reorientation below M s , as well as with the formation of SIM above A f . Meng et al. [10] confirmed the latter effect in 2002, and suggested future research efforts following strategies by Otsuka et al., who saw success in increasing the strength of the NiTi and NiTiPd parent phase via mechanical work and aging [1, [11] [12] [13] .
Thermomechanical treatments involving cold work and annealing are effective in increasing the matrix strength in NiTi alloys, but they were of little use to Ni-lean NiTiHf as a result of its poor ductility [5] . However, secondary phase formation is a major controlling factor in NiTiHf. Han et al. [8] noted a secondary phase present in 48.5Ni-36.5Ti-15Hf, and showed it to be (Ti,Hf) 2 Ni using selected area diffraction (SAD) patterns. Angst et al. [14] hypothesized this phase was responsible for the sharp drop in transformation temperatures seen with Ni/Ti ratio variations. They stated the reason for minimal transformation temperature change on the (Ti,Hf)-rich side is due to secondary phase formation, which maintains constant matrix composition, but crossing 50 at.% into the (Ti,Hf)-lean side, the phases cannot continue to form and the matrix is enriched in Ni, reducing transformation temperatures. Although the authors presented no microstructural evidence for this, a similar effect had been well documented for the binary alloy [1] . Olier et al. [15] showed formation of an oxide particle, (Ti,Hf) 4 Ni 2 O x (x \ 1) around the same time in 50Ni-38Ti-12Hf, which had a reducing effect on transformation temperatures, by removing Ti from the matrix. The authors showed that a fine, homogeneous distribution of these particles could reduce grain sizes and improve some one-way SME properties. Han et al. [16] later discovered a new face-centered orthorhombic precipitate phase in 48.5Ni-36.5Ti-15Hf after aging at 600°C for 150 h. They showed it had a nominal composition of (Ti 0.6 Hf 0.4 )Ni and space group F
The lattice parameters and orientation relationship with the B2 phase were also given, but the authors stopped short of providing a structural model. Meng et al. [17] were the first to demonstrate that aging of Ni-rich NiTiHf alloys, with initially very low transformation temperatures, resulted in dramatic increases in transformation temperatures as well as improvements in properties. The authors showed that aging of 50.6Ni-29.4Ti-20Hf at 550°C for 2 h resulted in an increase of over 100°C in transformation temperatures, and M s temperatures of over 200°C could be achieved. They claimed that this attractive behavior was due to precipitation of a previously undocumented (Ti,Hf) 3 Ni 4 phase, analogous to the beneficial Ti 3 Ni 4 seen in the binary system. They suggested that the precipitates had the effect of increasing transformation temperature through withdrawal of Ni from matrix, as well as a precipitation strengthening effect, evidenced by microhardness measurements and improved stress-free thermal cycling stability. The higher Ni content of the alloys also resulted in lower volume fractions of brittle (Ti,Hf) 2 Ni precipitates, which usually lead to deterioration of mechanical properties [17, 18] . This breakthrough by Meng et al. [18] spearheaded further investigation into Ni-rich NiTiHf alloys, and many papers soon followed.
Bigelow et al. [19] showed that aging of Ni-rich 50.3Ni-29.7Ti-20Hf, at 550°C for 3 h, resulted in formation of a fine distribution of 10-20 nm precipitates. Subsequent load biased thermal cycling tests showed good recoverable strain, work output, and stability at high transformation temperatures. Pseudoelastic cycling showed near perfect recovery of up to 3 % between 180 and 220°C. Hysteresis was moderately reduced from 50 to 70°C to between 30 and 50°C. One of the most interesting aspects of their study, however, was their claim that preliminary diffraction analysis did not agree with the (Ti,Hf) 3 Ni 4 precipitate structure identified by Meng et al. [16] . In fact, Yang et al. [20] were able to show that the precipitate found by Meng et al. was not (Ti,Hf) 3 Ni 4 , but instead was the face-centered orthorhombic precipitate initially identified by Han et al. more than a decade prior [16] . Yang termed the precipitate 'H-phase', and was able to develop an atomic model for the structure, with a 192 atom unit cell, later confirmed by Santamarta et al. [21] .
In previous work [22] , isothermal compression tests were performed for various aging conditions in 50.3Ni-29.7Ti-20Hf above their respective A f . These tests revealed insight into the dramatic effects of aging and minor compositional variations on transformation temperatures, pseudoelastic behavior, and plasticity. Few related studies have considered alloys with Ni content approaching 51 at.%. Via appropriate aging methods, Ni-rich NiTiHf alloys therefore have potential for relatively high transformation temperatures (up to *230°C), significant transformation strains, and good dimensional stability with little or no development of residual strain during shape memory or pseudoelastic cycling [17, 19, [22] [23] [24] [25] [26] [27] [28] . Among the many potential uses, Ni-rich NiTiHf SMAs have recently been viewed as good candidates for bearing applications as a result of their high damping capacity, high strength, and resistance to corrosion [29, 30] . In this investigation, an alloy with greater Ni-content than previously studied is examined. This initial research focuses on evaluating the effect of aging on the microstructure, transformation, strength characteristics, and deformation behavior of 51Ni-29Ti-20Hf.
Experimental details
A number of studies have been completed on Ni-rich NiTiHf HTSMAs, but no investigation has been dedicated to an alloy with a high Hf (20 at.%) and Ni (51 at.%) content. Therefore, an alloy with an aim composition of 51Ni-29Ti-20Hf was produced by vacuum induction melting. The ingot was subsequently homogenized at 1050°C for 72 h and then placed in a steel can and extruded at 900°C to an area reduction ratio of *7:1. Cylindrical samples for isothermal compression testing were prepared by electrical discharge machining from the as-extruded rod. In addition to testing the as-extruded material, samples were also aged under various conditions: 3 h at 500°C, 3 h at 600°C, and 3 h at 700°C. The samples were encapsulated under vacuum in a quartz tube for each aging cycle and then the quartz tube was broken to quench the samples in an ice bath.
Mechanical characterization of this alloy consisted of constant strain rate, isothermal compression tests at temperatures above the austenite finish A f temperature using an MTS 880 load frame that had platens containing heat cartridges to control sample temperature. A new sample was used for each completed compression test. Transformation temperatures were determined by DSC data collected on a Perkin Elmer DSC with a rate of 10°C/min from -90 to 305°C. This was done to analyze the pseudoelastic response compared to the B2 plastic response of the SMA. The pseudoelastic response occurs when a load is applied to a sample at temperatures above the A f temperature when the material is initially austenite (B2 phase) and undergoes a phase transformation to martensite (B19 0 phase) once a load above the critical stress is applied. This is commonly known as SIM. Transformation to the B19 0 phase accommodates the strains and once the load is released the strains are recovered by the reverse transformation to B2 while remaining at a constant sample temperature above the A f . Test temperatures were increased until the yield strength of the austenite was exceeded and stress-induced martensite formation no longer occurred. The temperature at which SIM can no longer form is commonly known as M d . Further information on sample preparation and the isothermal compression test process can be found in previous work by Coughlin et al. [22] .
Microstructural characterization of the alloy was carried out by various electron microscopy techniques. A Phillips CM-200 was used for conventional transmission electron microscopy (CTEM), a FEI Tecnai F20 was used for scanning transmission electron microscopy (STEM), and a FEI TITAN 80-300 probe corrected microscope was used for high-resolution STEM (HRSTEM) high-angle annular dark field (HAADF) imaging. The CM-200 and Tecnai F20 were operated at 200 keV, and the Titan 80-300 was operated at 300 keV. In addition, two different microscopes were used to analyze the chemical compositions of precipitate and matrix. A FEI Tecnai F20 was used for standard X-ray energy dispersive spectroscopy (EDS) analysis, while a FEI TITAN 60-300 image-corrected microscope equipped with a quad-silicon drift detector (Super-X) was used for high-resolution EDS analysis.
Results

Isothermal deformation behavior
The A f temperatures for each aging condition were determined from DSC data and subsequently used to define the starting temperatures for the isothermal compression tests. Samples in the as-extruded condition and the 500°C-3-h-aged condition have A f temperatures below 0°C, which could not be measured with the DSC instrument available. Samples aged for 3 h at 600°C have an A f temperature of 66°C and those aged for 3 h at 700°C have an A f temperature of 146°C. All transformation temperatures determined from DSC data including A s , A f , M s , and M f are defined in Table 1 .
Results from the isothermal compression tests of the austenite phase have revealed two specific behaviors for each of the sample conditions, a pseudoelastic region and a B2 plastic region. These behaviors are exemplified in Fig. 1a , which show that for each sample condition, the 0.2 % offset stress initially increases with the increasing test temperature, reaching a peak at an intermediate temperature, before decreasing with further increase in test temperature. The initial region of increase in the 0.2 % offset stress is not due to conventional deformation mechanisms but is instead attributed to the formation of SIM. In this region, the critical stress for martensite formation increases as the test temperature increases due to martensite becoming more difficult to form at higher test temperatures, consistent with a Clausius-Clapeyron behavior. Using the Clausius-Clapeyron equation, the data can be extrapolated to determine the zero stress transformation temperature for the conditions that were not accessible using the DSC (i.e., below room temperature). The zero stress transformation values for the as-extruded and 500°C-3-h-aged conditions are calculated to be -162 and -130°C, respectively, which is well below the temperature range of the DSC instrument. The transformation temperatures are clearly a very strong function of aging condition, increasing dramatically with the increasing aging temperature. These results are consistent with the shift of the peak in the critical stress as a function of the aging temperature. The existence of SIM in this region is confirmed in Fig. 1b , which shows the pseudoelastic response, typified by the ''flag-shape'' stress-strain curve for a sample in the 600°C-3-h-aged condition deformed at 130°C. On loading, the austenite phase initially deforms elastically until the critical stress for martensite formation is reached. With the increasing strain, martensite continues to form with only a small increase in stress resulting in a plateau like region. As the stress is unloaded, the martensite phase unloads elastically followed by reversion of the martensite back to austenite and eventually elastic unloading of the austenite phase. The fact that the sample recovers all the imposed strain, even after loading to 4 %, indicates that plastic deformation did not occur during loading even though the stress reached nearly 1800 MPa.
However, the conventional yield strength of most metals decreases with the increasing temperature and eventually for each sample condition a deformation temperature is reached where the offset stress no longer continues to increase with temperature and is dominated by conventional plastic deformation. In this region, the 0.2 % offset stress no longer increases with the increasing test temperature and begins to decrease. At the test temperatures in this region, martensite would form only at much higher stresses and deformation is instead dominated by conventional plasticity of the austenite phase. This is demonstrated in the stress-strain response shown in Fig. 1c , which shows elastic loading, permanent plastic deformation of the B2 phase, and elastic unloading for a sample in the 600°C-3-h-aged condition deformed at 230°C. The extraordinarily potent effects of aging on the 0.2 % offset strengths are shown in Fig. 1a , where results for the as-extruded 51Ni-29Ti-20Hf, as well as for an extruded 50.3Ni-29.7Ti-20Hf alloy [22] , are included for comparison with the data for the aging of 51Ni-29Ti-20Hf. The M d temperature, where the transition from pseudoelastic behavior to B2 plasticity presumably occurs, increases with the increasing aging temperature and decreasing Ni content. The dependence of Ni content on transformation temperature is caused by the effect of Ni on the required strain energy for transformation [31] , and the M d temperature appears to follow the trend in transformation temperature based on DSC. The highest M d temperature for the 51Ni-29Ti-20Hf alloy occurs when the alloy is aged for 3 h at 700°C, but an even higher M d temperature is observed for the 50.3Ni-29.7Ti-20Hf alloy in the as-extruded condition. Even more interesting are the maximum values achieved for the 0.2 % offset stress values. The maximum offset stress increases dramatically with Ni content for the as-extruded condition, as can be seen in Fig. 1 , comparing the 50.3-Ni-29.7Ti-20Hf (maximum offset stress = 1158 MPa) versus the 51Ni-29Ti-20Hf (maximum offset stress = 2015 MPa) alloys. Figure 2a and b shows that with the correct aging condition, the alloy has exceptionally high strength. A maximum offset stress value is obtained for 51Ni-29Ti-20Hf aged for 3 h at 500°C. When tested at a temperature of 130°C (Fig. 2a) , an offset stress of 2105 MPa is obtained, while still retaining some indication of SIM and pseudoelastic behavior, as evidenced by the nonlinear unloading response. Figure 2b indicates that for the same aging condition, testing at a temperature of 150°C produces the maximum measured 0.2 % offset stress value of 2115 MPa, which is the maximum value obtained in this study. Based on the stress-strain response shown in Fig. 2b , this condition results primarily in plastic deformation of the B2 phase.
It should be noted that the aging condition that gave the highest A f temperature does not yield the highest maximum stress values for the 51Ni-29Ti-20Hf alloy. When the alloy was aged for 3 h at 700°C, an A f temperature of 146°C was achieved, but a lower maximum offset stress of 1582 MPa was obtained. Conversely, the condition [3 h at 500°C] yielding the aforementioned maximum offset stress at a testing temperature of 150°C (Fig. 2b) resulted in an A f temperature below 0°C.
Microstructural characterization
Several electron microscopy techniques were used to characterize the 51Ni-29Ti-20Hf alloy in the as-extruded versus aged conditions to develop a more fundamental understanding of the dramatic effects of aging on the mechanical behavior of this alloy. The DSC data shows that for the as-extruded condition, the alloy should be austenite (B2) at room temperature, which was confirmed by TEM. The main reflections from the B2 structure can be seen along with diffuse scattering in the selected area diffraction (SAD) patterns of the [011] B2 and [111] B2 zones (Fig. 3a, b) . The diffuse scattering along both h110i B2 and h100i B2 directions suggest the presence of short range ordering of the Hf atoms. Sandu et al. [32, 33] observed similar diffuse scattering along h100i B2 directions in a NiTiZr alloy. Upon further investigation it was determined that the diffuse scattering along the h110i B2 direction is from nanometer scale H-phase precipitates that were present in the alloy after extrusion. The diffuse scattering along the h100i B2 directions is most likely due to the start of additional precipitation where short range ordering has begun. The extremely fine H-phase precipitates formed during cooling from the extrusion temperature. Given the heterogeneous distribution of these precipitates, they probably nucleated on existing defects such as dislocations Figure 3c is a HRSTEM HAADF image of one of these precipitates (significantly larger than the majority observed), which is fully consistent with the structure of the H-phase that was recently identified by Yang et al. for a 50.3Ni-29.7Ti-20Hf alloy [20] , including distinct n/3[0-11] B2 intensities in the fast Fourier transform (FFT) from the [110] B2 zone axis HAADF image (shown as an inset in Fig. 3c) .
In addition to these occasional H-phase precipitates, additional features were also observed in the HAADF images of the 51Ni-29Ti-20Hf alloy in the as-extruded condition. The FFTs from areas of enhanced intensity, such as that shown in Fig. 4a , reveal super-lattice reflections of n/4[111] B2 (denoted by the arrows overlaid on the FFTs and in the schematic shown in Fig. 4b ). The superlattice reflections in the FFTs are from a Hf-rich phase that is distinctly different from the aforementioned H-phase [20] [21] [22] 34] . The contrast in HAADF images is related to the atomic number, Z 2 [35, 36] ; therefore, it is expected that the high-intensity regions in Fig. 4a are caused by regions of higher Hf concentrations (Z of Ni = 28, Ti = 22, Hf = 72). This hypothesis is confirmed by an EDS area scan across a region with several such features that appear as highintensity regions in Fig. 5a . The areal scan is integrated perpendicular to the arrow, and the chemical information is shown in Fig. 5b . The EDS data show a clear increase in Hf content, decrease in Ti content, with no noticeable change in Ni content.
This new phase, which is structurally distinct from H-phase, will be termed H 0 -phase as it appears to be a precursor to the H-phase, forming at low temperatures and short aging times. Further characterization of the complete structure of this phase is in progress, but initial results show that the FFTs from Fig. 4a of multiple variants of this phase have similar reflections to the P-phase that has previously been observed in Ni-Ti-Pt alloys [37] . The similarity indicates that there is ordering on the [111] B2 planes as occurs in the P-phase. In Fig. 3b of Karaca et al., it is also shown that the n/4[111] B2 reflections are observable from precipitates in a heat-treated 45.3Ni-29.7Ti-20Hf-5Pd alloy [38] . Both coarse and nanoscale H-phase precipitates are observed when the alloy is aged for 3 h at 500°C. Several larger precipitates that are probably present in the as-extruded condition, probably precipitated on preexisting dislocations, have since coarsened considerably during the aging process, as seen in Fig. 6a . More importantly, a new population of fine, homogeneously distributed precipitates, 2-5 nm in size, is also observed at higher magnification. Figure 6b is a HAADF HRSTEM image of a single H-phase precipitate that is around 2 nm in size and shows the ordering of the Hf (high-intensity columns) on the [110] B2 planes. The presence of small precipitates is confirmed when SAD patterns are taken in areas that are free of the larger precipitates. For instance, Fig. 6c-e Figure 6d also shows the characteristic n/3[110] B2 type reflections with the n/6{311} B2 reflections from the H-phase precipitates. The A f temperature remains below room temperature after aging; therefore, the precipitates reside in a B2 matrix. Figure 7a is a HAADF HRSTEM image of the aged for 3 h at 500°C condition showing that both H 0 regions and H-phase precipitates coexist for this condition at the nanoscale. The H 0 -phase is difficult to differentiate from the B2 matrix, but the FFT shown in Fig. 7b was taken from the higher intensity area labeled as H 0 -phase in Fig. 7a and shows the characteristic n/4[111] B2 super-lattice reflections of the H 0 -phase. The densely populated, nanoscale H 0 and H-phase precipitates contribute to the high strength of the alloy in the aged for 3 h at 500°C condition.
Aging at higher temperatures (3 h at 600°C) produced coarsened H-phase precipitates, with an average size of 28 nm in the long axis and 15 nm in the shorter axis. The alloy matrix was no longer B2 at room temperature and was transformed to B19 0 martensite. Figure 8a and b shows the dense distribution of the spindle-shaped H-phase precipitates after aging at 600°C. EDS data in Fig. 8c , taken across one of the larger precipitates, shows that the precipitates are Hf-rich, Ti-lean, and slightly Ni-rich. These conclusions are also supported by more complete analysis of the H-phase structure and composition reported in [20] . Both diffraction and composition data confirm that the precipitates formed in the 51Ni-29Ti-20Hf alloy after short-term aging at 600°C are H-phase, which is similar to the previously analyzed precipitates in other NiTiHf and NiTiZr alloys [16, 20, 22, 24-26, 32, 33] . Therefore, as the H 0 -and H-phases form, Hf will be depleted from the matrix, which would tend to lower the transformation temperature [4] . However, the H-phase will also tend to deplete Ni from the matrix. Since Ni content has an extremely potent effect on transformation temperature, the net effect of the aging is an increase in transformation temperature [4, 5] .
After aging of 51Ni-29Ti-20Hf for 3 h at 700°C, the H-phase precipitates are still present, but are considerably coarsened. The H-phase precipitates shown in Fig. 9 are surrounded by B19 0 martensite, and there is no indication of H 0 -phase. The precipitates have an average size of 125 by 50 nm, while maintaining the spindle morphology.
Dislocation analysis
Analysis of the intragranular substructure developed following isothermal testing of the as-extruded condition at 150°C is summarized in Fig. 10 . This test was conducted under a condition that has been assumed to correspond to the ''B2 plasticity'' regime. The resulting dislocation content was analyzed using STEM diffraction contrast imaging, which has a number of advantages over conventional TEM methods for defect analysis, such as zone axis imaging and a higher tolerance for thicker samples. Bend contours and thickness fringes are minimized, which enhances and enables defect analysis [39] . Fig. 10b , while dislocations of the type a[100] are absent in Fig. 10c . Additional diffraction conditions (not shown) confirm for the first time that dislocations of the type ah100i are created during plastic deformation in an HTSMA. Determination of the slip planes is under further study. This active slip vector is expected for an ordered B2 structure with a high antiphase boundary energy [40] . Isothermal testing of the same as-extruded material at 90°C resulted in a combination of SIM and dislocation plasticity. This is expected since the critical stress at this temperature lies near the peak of the stress-temperature curve in Fig. 1a . X-ray diffraction results shown in Fig. 11 include a diffraction peak near 2h = 44°for the 90°C deformation condition, which corresponds to the peak of highest intensity for B19 0 , (020). These results indicate that the interaction between SIM and dislocation plasticity has led to the stabilization of some of the martensite, as explored in detail in a previous in situ neutron diffraction study of binary NiTi [41] . The as-extruded (untested) and 150°C-tested conditions do not exhibit any evidence for remnant martensite based on the shape of the stress-strain curve which shows no macroscopic indication of plastic strain recovery. Of course, this does not rule out the possibility of localized regions of retained martensite at this testing temperature.
Discussion
A remarkable characteristic of the 51Ni-29Ti-20Hf alloy in the various conditions studied is the extremely large value of critical stress. Even the conditions with relatively coarse precipitates exhibited peak strengths well over 1.5 GPa. The additive effects of both the fine H and H 0 precipitates on alloy strength are evident when comparing the offset strengths of the 500°C-3-h-aged condition, which contains both H-phase and H 0 -phase precipitates, to the Figure 1a shows that the offset strengths of the 500°C-3-h-aged condition is consistently greater than that of the 600°C-3-h-aged condition for tests above the M d temperature of the aging curves, where plasticity dominates for both materials. Figure 12 shows stress-strain curves for the first cycle of the 500°C-3-h-and 600°C-3-h-aged conditions at a test temperature of 190°C. At these test conditions, the offset strength for the 600°C-3-h-aged condition that contains only H-phase is 1770 MPa, while for the 500°C-3-h-aged condition that contains both H 0 and H phase precipitates, the offset strength increases to 1970 MPa. This indicates that the condition where both H 0 and fine-scale H precipitates coexist produces the most potent strengthening effects on B2 plasticity. However, this difference in strength may be more closely related to overall differences in the size and spacing of the precipitates in 500°C-and 600°C-aged samples, as opposed to the presence of two different types of precipitates. As shown in Fig. 1a , there is an increase of over 200 MPa in the offset strength (i.e., B2 yield strength) between the as-extruded and the stronger 500°C-3-h-aged conditions. This is likely due to the much higher volume fraction of fine and closely spaced precipitates that result from aging. In this case, however, the microstructure happens to consist of two different precipitate phases (both H and and H 0 phases). While it would be interesting to determine the potency of each phase in terms of strengthening, it is unlikely that thermal treatments can be developed to independently explore the effects of H 0 and H phases. Indeed, the existing evidence indicates that the H 0 phases are regions of enhanced Hf content and ordering on the B2 lattice. Higher aging temperatures, at 600 and 700°C, result in the elimination of the H 0 phase and the coarsening of the H-phase (Figs. 8, 9 ), leading to an ''overaged'' condition with a significant reduction in the offset strength, especially for the 700°C-3-h-aged condition.
The work hardening behaviors of the four conditions are also interesting to compare (see Table 2 ). The strain hardening exponents for test temperatures that are well into the B2 plasticity test regime for the as-extruded and two lower-temperature aging conditions are 0.24, 0.17, and 0.25, respectively, while for the 700°C-3 h condition, a significantly larger strain hardening exponent is observed (0.36 when tested at 230°C). Such a trend could be classically associated with extensive Orowan looping and more rapid dislocation accumulation for the 700°C-3-h-aged condition [42] .
Less clear is the reason for the fact that the 700°C-3-haged condition would actually be significantly weaker than the as-extruded condition (when tested above its corresponding M d temperature). Considering the microstructure of the as-extruded condition (a few in homogeneously distributed precipitates) and the relative weakness of the 700°C-3-h-aged condition suggests that there is another active and potent strengthening mechanism operating in the as-extruded material. One possibility is that Hf is the relevant strengthening element, and as the H-phase precipitates form and coarsen (thereby consuming Hf from the matrix), the strengthening effect is lost. However, contrary to this hypothesis is the fact that the 50.3 %Ni alloy is dramatically weaker above the M d temperature than is the as-extruded 51 %Ni alloy, even though both alloys contain the same Hf content. Instead of solid solution strengthening due to conventional solute strengthening, it is more likely that strengthening is the result of point defect clusters or additional ordering on the B2 matrix that gives rise to the diffuse scattering that is observed (Fig. 3) . These defect clusters would be much more potent at strengthening the alloy than single solute atoms. Consistent with this suggestion is the fact that diffuse scattering (and point defect clustering) was not prevalent in the as-extruded 50.3 %Ni alloy [43] .
Another possible explanation may be related to the antisite defects that are expected to be present in the offstoichiometric 51 %Ni alloy. This is presumably due to Ni atoms that are occupying the Ti/Hf sublattice, which could create a large hardening effect on dislocation motion, as is the case in other Ni-rich B2 compounds, such as the NiAl system [40, 41, [43] [44] [45] [46] [47] . As H-phase precipitates form, Ni antisite defects will be consumed, the matrix composition may approach a stoichiometric condition as in the case for the 700°C-3-h condition.
It should be noted that the strength of the 700°C-3-haged condition is only slightly higher than that of the asextruded 50.3 %Ni alloy above the M d temperature. Finally, it is noted that the M d temperatures of both the 700°C-3 h 51 %Ni and the as-extruded 50.3 %Ni alloys are similar (above 200°C), implying a similar B2-matrix composition. Indeed, DSC measurements indicate the A f temperatures are 146°C for the former, and 150°C for the latter. These higher A f and M d temperatures are also consistent with an alloy having a Ni content closer to stoichiometry, and therefore exhibiting less antisite defect strengthening. Thus, a combination of Ni antisite defects, intensified by clustering, ordering within the B2 matrix, and fine H and H 0 phase precipitates, may be responsible for the exceptionally large offset strengths observed in the 51Ni-29Ti-20Hf alloy.
Conclusions
The 51Ni-29Ti-20Hf alloy exhibits high 0.2 % offset stresses, which correlate to very high austenite yield strengths (as high as 2.1 GPa) and help promote pseudoelastic behavior over a range of temperatures. This is behavior that can be modified significantly by short-term aging conditions. Relative to the 50.3Ni alloy studied previously [8, 9] , the slight increase in Ni content has improved the strength while decreasing the M d temperature and the critical stress transition from pseudoelastic to B2 B2 reflections. The characteristic reflections of the new phase are similar to the reflections reported for the P-phase in Ni-rich NiTiPt alloys [25] , and is present in the as-extruded condition, along with the 500°C-3-h-aged condition. H-phase has been observed under all of the aged conditions (aged for 3 h at 500°C, 3 h at 600°C, and 3 h at 700°C), including the as-extruded material. The H-phase precipitates that are formed in the 500°C-3-haged condition are 2-5 nm in size, and SAD patterns demonstrate the characteristic n/3[110] B2 reflections. The high strength observed in the 500°C-3-h-aged condition can be attributed to the additive effects of nanoscale H and H 0 precipitates along with the possibility of Ni antisite defects or clusters in the B2-matrix. In comparison, the 700°C-3-h-aged condition has offset strengths and a M d temperature comparable to the as-extruded 50.3Ni-29.7Ti-20Hf because the coarsened H-phase precipitates have removed Ni from the matrix. Dislocation analysis in the B2 matrix has revealed the operation of dislocations with ah100i Burgers vectors for the first time in a NiTiHf HTSMA system. It was also shown that dislocation content has the ability to pin and stabilize SIM when the applied stress is removed. While the high strengths and perfect pseudoelastic behavior, without the need for training, make the 51Ni-29Ti-20Hf a promising new SMA, further analysis is needed to fully characterize the structure of the newly discovered H 0 -phase, as well as the role played by point defects, in the mechanical and functional behaviors of the Ni-Ti-Hf alloys.
